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ZebraﬁshThe neural crest is a stem cell-like population exclusive to vertebrates that gives rise to many different cell
types including chondrocytes, neurons and melanocytes. Arising from the neural plate border at the intersec-
tion of Wnt and Bmp signaling pathways, the complexity of neural crest gene regulatory networks has made
the earliest steps of induction difﬁcult to elucidate. Here, we report that tfap2a and foxd3 participate in neural
crest induction and are necessary and sufﬁcient for this process to proceed. Double mutant tfap2a (mont
blanc, mob) and foxd3 (mother superior, mos) mob;mos zebraﬁsh embryos completely lack all neural crest-
derived tissues. Moreover, tfap2a and foxd3 are expressed during gastrulation prior to neural crest induction
in distinct, complementary, domains; tfap2a is expressed in the ventral non-neural ectoderm and foxd3 in the
dorsal mesendoderm and ectoderm. We further show that Bmp signaling is expanded in mob;mos embryos
while expression of dkk1, a Wnt signaling inhibitor, is increased and canonical Wnt targets are suppressed.
These changes in Bmp and Wnt signaling result in speciﬁc perturbations of neural crest induction rather
than general defects in neural plate border or dorso-ventral patterning. foxd3 overexpression, on the other
hand, enhances the ability of tfap2a to ectopically induce neural crest around the neural plate, overriding
the normal neural plate border limit of the early neural crest territory. Although loss of either Tfap2a or
Foxd3 alters Bmp and Wnt signaling patterns, only their combined inactivation sufﬁciently alters these sig-
naling gradients to abort neural crest induction. Collectively, our results indicate that tfap2a and foxd3, in ad-
dition to their respective roles in the differentiation of neural crest derivatives, also jointly maintain the
balance of Bmp and Wnt signaling in order to delineate the neural crest induction domain.ine, Vanderbilt University, 529
SA.
apik).
ce, National Chiayi University,
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The neural crest is a migratory cell population unique to vertebrates
that played a fundamental role in vertebrate evolution (Gans and
Northcutt, 1983). The neural crest arises at the border between the
neural plate and non-neural ectoderm at the end of gastrulation. Later
in development, neural crest cells delaminate from the dorsal part of
the neural tube and start migrating throughout the body to their ﬁnal
destinations where they differentiate to many different cell lineages,
including craniofacial cartilage and bone, peripheral and enteric neu-
rons, and smooth muscle and pigment cells (Le Douarin et al., 2004).Neural crest induction takes place early during gastrulation when
signals from surrounding tissues start to deﬁne the neural plate border.
Bone morphogenetic protein (Bmp), Wnt, ﬁbroblast growth factor
(Fgf), andNotch/Delta signaling pathways have been implicated in neu-
ral crest induction in various species (Huang and Saint-Jeannet, 2004).
Among these pathways, Bmp and Wnt signaling play critical roles in
neural crest induction (Aybar and Mayor, 2002; Monsoro-Burq et al.,
2005; Nieto, 2001; Raible and Ragland, 2005; Wu et al., 2003).
Bmp signaling is established in a concentration gradient with high
levels in the ventral ectoderm and progressively lower levels toward
the dorsal midline, where the neural plate is formed. This distribution
is shaped by the expression pattern of Bmp factors in ectoderm and
Bmp antagonists such as chordin in dorsalmesoderm. These Bmp antag-
onists are also involved in neural plate induction (Barth et al., 1999). It
has been proposed that intermediate levels of Bmp signaling at the neu-
ral plate border are necessary for neural crest induction (LaBonne and
Bronner-Fraser, 1998). In Xenopus, overexpression of Bmp4 antagonists
enlarges the neural crest domain, whereas Bmp overexpression causes
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1995). Similarly in zebraﬁsh, early neural crest is very sensitive to Bmp
signaling levels. For example, bmp2b/swirl mutants exhibit a loss of
Bmp signaling and a decrease in neural crest progenitors, while bmp7/
snailhouse or smad5/somitabunmutants have moderate or low Bmp ac-
tivity and expanded neural crest domain (Le Douarin and Kalcheim,
1999; Nguyen et al., 1998; Schmid et al., 2000). These data suggest
that Bmp signaling controls the position and size of the neural crest in-
duction domain (Taneyhill and Bronner-Fraser, 2005).
The involvement of Wnt signaling in neural crest induction has also
beenwell documented. Inhibition of canonicalWnt/β-catenin signaling
pathway prevents neural crest formation in mouse, chick, Xenopus, and
zebraﬁsh (Brault et al., 2001; Garcia-Castro et al., 2002; Hong et al.,
2008; Lewis et al., 2004; Vallin et al., 2001; Yanfeng et al., 2003). In
Xenopus, ectopic expression ofWnt familymembers increases the num-
ber of neural crest cell progenitors. Moreover, addition of soluble Wnts
to the intermediate neural plate promotes de novo neural crest induc-
tion in the chick, suggesting that Wnt signaling is sufﬁcient for neural
crest induction (Garcia-Castro et al., 2002). Wnt signaling is modulated
by a number of antagonists, including Dkk1 and Kremen,which are also
required for neural crest induction (Carmona-Fontaine et al., 2007;
Hassler et al., 2007; He, 2003). Interestingly, several studies have
shown that repressing Bmp andWnt signaling is also required for neu-
ral crest induction (LaBonne and Bronner-Fraser, 1998; Patthey et al.,
2008; Steventon et al., 2009), suggesting that ﬁne tuning of Bmp and
Wnt signaling is necessary for proper neural crest formation. However,
the mechanisms underlying these processes remain unclear.
The transcription factor activator protein 2 alpha (Tfap2a) plays cru-
cial roles in development (Hilger-Eversheim et al., 2000) andmelanoma
progression (Bar-Eli, 2001). Tfap2a knockoutmice exhibit defective neu-
ral tube closure and loss of the craniofacial skeleton and peripheral ner-
vous system, tissues that are derived from cranial neural crest (Schorle
et al., 1996; Zhang et al., 1996). In humans, mutations in TFAP2A result
in the branchio-oculo-facial syndrome, which is characterized by severe
craniofacial malformations (Milunsky et al., 2008). In zebraﬁsh, loss of
tfap2a results in apoptosis of neural crest progenitors, leading to defects
in neural crest derivatives, including posterior pharyngeal arches, pig-
ment cells, enteric neurons, and dorsal root ganglia (Barrallo-Gimeno
et al., 2004; Knight et al., 2003; O'Brien et al., 2004). A role for tfap2a
in neural crest induction has also been proposed in Xenopus (de Crozé
et al., 2011; Luo et al., 2003), and in Lamprey, ap2a was shown to act
in the induction of the neural plate border (Nikitina et al., 2008).
Foxd3, a member of the Forkhead transcription factor family, has
multiple functions during embryonic development. Mouse embryos
lacking Foxd3 die at peri-implantation stages due to failure inmaintain-
ing self-renewing embryonic stemcells (Hanna et al., 2002; Nelms et al.,
2011). Tissue-speciﬁc deletion of Foxd3 in the neural crest shows that it
is required for neural crest maintenance in mice (Teng et al., 2008).
Foxd3 has also been linked to neural crest development in Xenopus
and neural crest migration in chick embryos (Kos et al., 2001; Pohl
and Knochel, 2001). In addition, a variant in the human FOXD3 promot-
er sequence results in autosomal dominant vitiligo, a pigmentation dis-
order caused by abnormalities in themelanoblast lineage (Alkhateeb et
al., 2005). Finally, foxd3mutations in zebraﬁsh lead to reduction of neu-
ral crest derivatives, resulting in defects in posterior craniofacial skele-
ton, peripheral nervous system, and pigmentation (Montero-Balaguer
et al., 2006; Stewart et al., 2006).
Consistent with the well-established role of Foxd3 and Tfap2a in
neural crest differentiation, a double mutant of tfap2alow;foxd3sym1
was shown to prevent the speciﬁcation of developmentally distinct
neural crest sub-lineages, yet in this combination of mutant alleles,
there were no neural crest induction defects observed (Arduini et
al., 2009). Interestingly, the defects caused by the foxd3 mutations
show striking similarities to those of tfap2a mutants, suggesting that
the two genes act in the same or parallel pathways that are critical
for neural crest development.Here, we report that tfap2amob and foxd3mos act within the same ge-
netic pathway, and their combined loss results in an almost complete
absence of neural crest-derived tissues. Conversely, foxd3 overexpres-
sion enhances the ability of tfap2a to ectopically induce neural crest
around the neural plate, overriding the normal neural plate border
limit of early neural crest territory.We provide evidence that the effects
of tfap2 and foxd3 on neural crest are due tomodulation of the Bmp and
Wnt signaling pathways, suggesting that the two transcription factors
jointlymaintain the balance of Bmp andWnt signaling in order to delin-
eate the neural crest induction domain. Our ﬁndings indicate that tfap2a
and foxd3 are not only necessary for neural crest speciﬁcation, but also
play an important role in the earliest steps of the neural crest precursor
cell development, delineating a powerful paradigm for understanding
the genesis of this complex stem cell population.Results
Absence of neural crest in mob;mos double mutant embryos
We have previously shown that zebraﬁsh mutations in transcription
factors tfap2a (mobm610) and foxd3 (mosm188) display similar pheno-
types during embryonic development with a reduction of neural crest
derivatives such as pigment cells, craniofacial chondrocytes and periph-
eral neurons (Barrallo-Gimeno et al., 2004; Montero-Balaguer et al.,
2006). To investigate the potential genetic interactions between tfap2a
and foxd3 in neural crest development, we generated mob;mos double
mutant embryos. We found thatmob;mos embryos exhibit more severe
phenotypes than single mutant embryos (Fig. 1). For example, while
mob and mosmutant embryos have reduced pigment cells at 5 dpf, the
most prominent feature of mob;mos embryos is the almost complete
lack of pigmentation, already evident at 36 hpf (Figs. 1A–D). In some
embryos, isolated melanocytes are present over the hindbrain region
at 4–5 dpf. Retina pigmentation is normal, arguing against a general de-
fect in melanin synthesis.
mob;mos embryos also lack lower jaw structures. In mob or mos
single mutant embryos, the Meckel's cartilage is pointed ventrally,
leading to prominently protruding and gaping jaws. In mob;mos em-
bryos, however, the ventral part of the head is concave and devoid
of pharyngeal skeleton (Fig. 1D). In order to better assess the struc-
ture of the head skeleton, we stained 5 dpf embryos with Alcian
blue (Figs. 1E–H). In agreement with earlier studies (Barrallo-Gimeno
et al., 2004; Montero-Balaguer et al., 2006), mob and mos embryos
display well-shaped cartilages of the ﬁrst pharyngeal arch, Meckel's
(m) and palatoquadrate (pq), whereas the posterior pharyngeal arches
are severely reduced (Figs. 1F, G). Inmob;mos embryos, the cartilage ele-
ments of the entire pharyngeal skeleton, and the trabeculae (tr) and eth-
moid plate (ep) of the neurocranium are absent. The mesodermally
derived neurocranium and pectoral ﬁn structures are unaltered, further
indicating that themob;mosmutations speciﬁcally affect tissues of neural
crest origin (Fig. 1H). We observed similar defects by injecting morpho-
lino (MO) against foxd3 inmob embryos or against both tfap2a and foxd3
in wild-type embryos, supporting the idea that the observed phenotypes
are due to the combined loss of Tfap2a and Foxd3 function (Supplemen-
tary Fig. S1 and data not shown).
To examine the deﬁcits of neural crest-derived peripheral neurons
in mob;mos embryos, we examined dorsal root ganglia (DRG) and en-
teric neurons using an antibody against the pan-neuronal protein Hu.
In wild-type embryos at 3 dpf, enteric neurons are present in the gut
and trunk DRG sensory neurons are bilaterally distributed along the
anteroposterior axis and positioned at the level of the ventral spinal
cord with one pair of DRG in each somitic segment (Fig. 1I) (Kelsh et
al., 2000). Singlemob andmosmutant embryos have few scattered neu-
rons, as previously described (Barrallo-Gimeno et al., 2004; Montero-
Balaguer et al., 2006). In contrast, all peripheral neurons are absent in
mob;mos embryos (Figs. 1J–L). However, Rohon–Beard neurons are
Fig. 1. mob;mos double mutant embryos exhibit complete absence of neural crest and its derivatives. (A–D) Lateral view of wild-type (WT) (A),mob (B), mos (C), andmob;mos (D) live
embryos at 5 dpf. Inmob andmos embryos theMeckel's cartilage (m) is pointing ventrally (arrows in B,C). Inmob;mos embryos, the ventral part of thehead (arrow inD) is ventrally concave
and skin pigmentation is absent. (E–H) Ventral view of Alcian blue-stained heads showing the craniofacial skeleton of WT (E), mob (F), mos (G), and mob;mos (H) embryos at 5 dpf.
Pharyngeal cartilage elements corresponding to the second and posterior arches are reduced inmob andmos embryos; inmob;mos embryos, all pharyngeal cartilage is absent, and the neu-
rocranium is deformed. bh, basihyal; cb 1–5, ceratobranchials 1–5; ch, ceratohyal; ep, ethmoid plate; hs, hyosymplectic; m, Meckel's cartilage; pch, parachordal; pq, palatoquadrate; tr,
trabecula. (I–L) Lateral view of trunk regions of WT (I),mob (J),mos (K), andmob;mos (L) embryos stained with anti-Hu antibody to label dorsal root ganglia (DRG) and enteric neurons
(en) at 3 dpf. DRG and enteric neurons are reduced and scattered inmob andmos embryos (arrows in J,K) and absent inmob;mos embryos. In contrast, Rohon–Beard neurons are present in
doublemutants (arrow in L). (M–R)Migratory neural crest cells are absent inmob;mos embryos. In situ hybridization analysis for genes expressed inmigratory neural crest cells inWT (M,
O, Q) andmob;mos (N, P, R) embryos at 24 hpf. Embryos in (O, P) are ﬂattened and shown in dorsal view, the rest in lateral views. crestin (M, N) expression in themigratory neural crest is
completely absent inmob;mos embryos. dlx2a (O, P) is expressed in the telencephalon (tel), diencephalon, andmigratory neural crest streams in the head of wild-type embryos, but absent
inmob;mos embryos. sox10 (Q, R) is expressed in non-ectomesenchymal neural crest cells and otic vesicles (ov) ofwild-type embryos,while inmob;mos embryos, sox10 is only expressed in
otic vesicles. (S–V) Dorsal view ofWT (S),mob (T),mos (U) andmob;mos (V) embryos showing expression of snail1b at 12 hpf in premigratory neural crest, which is completely absent in
mob;mos embryos.
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not affected (Fig. 1L).
The consistent lack of all neural crest-derived tissues in mob;mos
embryos indicated that Foxd3 and Tfap2a might be required at migra-
tory or premigratory stages of neural crest development. To address
this question, we analyzed the expression of genes expressed in mi-
gratory neural crest such as crestin, dlx2a, and sox10 at 24 hpf
(Figs. 1M–R). We found no expression of the pan-neural crest marker
crestin in mob;mos embryos (Figs. 1M,N). dlx2a expression in migrat-
ing neural crest streams in the head region is absent, although ap-
pears normal in the telencephalon and diencephalon (Figs. 1O,P).
sox10,which is expressed in non-ectomesemchymal neural crest pre-
cursors including pigment and peripheral nervous system (Dutton et
al., 2001) is absent in mob;mos embryos, although it is normally
expressed in the otic vesicle (Figs. 1Q,R).
We next asked whether the lack of migratory neural crest cells in
mob;mos embryos was due to impaired formation of premigratory neu-
ral crest progenitors in the lateral neural plate by examining the expres-
sion of the transcription factor snail1b that labels premigratory neural
crest from 11 hpf. Consistent with our previous studies (Barrallo-
Gimeno et al., 2004; Montero-Balaguer et al., 2006), expression of
snail1b is slightly reduced in mob ormos embryos as compared to wild
types (Figs. 1S–U). However, snail1b expression is nearly absent inFig. 2. Apoptosis is not the primary cause of the mob;mos double mutant phenotype. (A, B)
embryos at 10 hpf. (C, D) Dorsal view of TUNEL assay in WT (C) and mob;mos (D) embryos
(E) Quantiﬁcation of TUNEL positive cells in the neural plate region of WT, mob, foxd3-MO-
niﬁes the number of embryos counted. Error bars represent standard deviation. Data analyze
by knock-down of p53 does not rescue the phenotype inmob;mos embryos. Lateral view of a
MO. Ventral view of Alcian blue staining of the head at 5 dpf of WT (H) and mob;mos (I) em
mos cross showing absence of pharyngeal arch skeleton does not change upon injection ofmob;mos embryos (Fig. 1V). Similarly, expression of transcription fac-
tors sox9b and sox10 is reduced in the premigratory neural crest territo-
ry in mob;mos embryos (Supplementary Fig. S2).
Taken together, our results indicate that the combined tfap2a and
foxd3 loss of function mutations leads to more severe defects than either
mutation alone, suggesting that the two regulatory factors genetically in-
teract. Moreover, they are required for the development of neural crest
derived cell populations at a stage preceding neural crest speciﬁcation.
Increased p53-dependent cell death is not responsible for the phenotype
in mob;mos embryos
We and others have shown that loss of Tfap2a leads to cell death
during neural crest migration in the head region (Barrallo-Gimeno
et al., 2004; Knight et al., 2003). To test whether the mob;mos pheno-
type is a consequence of neural crest cell death at premigratory
stages, we used acridine orange staining to detect apoptotic cells at
the end of gastrulation. At 10 hpf, mob and mos embryos have more
dying cells in the neural plate territory than wild types (Supplemen-
tary Fig. S3). However, mob;mos embryos exhibit a dramatic increase
of cell death in this region (Figs. 2A–B). Furthermore, acridine orange
staining showed that dying cells are already present in mob;mos em-
bryos at 8 hpf, while wild-type, mob, and mos embryos have very fewLateral view of acridine orange (AO) staining of wild-type (WT) (A) and mob;mos (B)
revealing more apoptotic cells in the neural plate region of mob;mos embryos at 10 hpf.
injected, and foxd3-knockdown mob embryos. Each spot represents one embryo. n sig-
d by Student's t-test, *Pb0.05, **Pb0.01, and ***Pb0.001. (F–J) Suppression of apoptosis
nti-Hu immunostaining at 3 dpf in WT (F) andmob;mos (G) embryos injected with p53
bryos injected with p53MO. The proportion of embryos in a double-heterozygote mob;
p53 MO (J). n signiﬁes the number of embryos counted.
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phenotypes at 10 hpf (Supplementary Fig. S3).
We further conﬁrmed and quantiﬁed these results using the TUNEL
(terminal transferase-mediated dUTP nick end-labeling) assay at
10 hpf. Consistent with the acridine orange results, we found very few
dying cells in wild-type embryos, while the number of apoptotic cells
is increased by approximately 4- and 6-fold in the neural plate region
in embryos lacking tfap2a or foxd3 respectively (7.8±5.1 in wild-type
embryos; 34.0±14.1 inmob embryos; 48.6±11.5 in foxd3-knockdown
embryos, Figs. 2C–E). In double mutants, apoptotic cell death is in-
creased by ~17-fold compared to wild types (247±44.8 in foxd3-
knockdown mob embryos; Figs. 2D,E). Histological sections of the
TUNEL-stained embryos revealed that the majority of dying cell are lo-
calized to the surface of the embryo and only sporadically found inside
the neural plate (Supplementary Fig. S3).
In order to assess whether cell death is responsible for the ob-
served lack of neural crest derivatives, we injected mob;mos embryos
with a morpholino to block p53 translation, which mediates apoptosisFig. 3. tfap2a and foxd3 are expressed in complementary territories during gastrulation. (A–C
shield and 75% and 90% epiboly. The dorsal (d), ventral (v), anterior (a) and posterior (p) si
up) views of foxd3 expression in the organizer and at the dorsal margin at shield and 75%
involuting cells. (J, K) Double in situ hybridization of tfap2a (blue) and foxd3 (red) at 75
two factors in a lateral (J) and vegetal (K) view. (L) Digitization of tfap2a and foxd3 expres
on the corresponding in situ hybridization expression data at 75% epiboly.during early embryogenesis in zebraﬁsh (Plaster et al., 2006). Using
TUNEL assay, we found that apoptosis is suppressed in mob;mos em-
bryos injected with the p53-MO at 10 hpf (Supplementary Fig. S4).
We then analyzed the formation of pharyngeal arch cartilage and
the development of peripheral nervous system in p53-knock-down
mob;mos embryos. The results show that prevention of cell death
does not rescue the head cartilage and peripheral nervous system de-
fects (Figs. 2F–J). We conclude that the p53-dependent cell death is
not the cause of neural crest cell loss inmob;mos embryos. This is con-
sistent with the histological analysis of TUNEL-stained embryos,
which showed that cells undergoing apoptosis are rarely present in
the neural crest domain.
tfap2a and foxd3 are expressed in complementary territories during
gastrulation
The results described above suggest that Tfap2a and Foxd3 are re-
quired before 10 hpf, possibly during neural crest induction, which in) Lateral views of embryos showing expression of tfap2a in the non-neural ectoderm at
des are indicated. (D–I) Lateral (D–F, dorsal to the right) and dorsal (G–I, anterior side
epiboly. By 90% epiboly, expression is restricted to axial mesoderm and lateral margin
% epiboly showing the mutually exclusive, complementary expression pattern of the
sion territories during gastrulation relative to the induction area of neural crest based
Fig. 4. Bmp signaling is expanded in mob;mos embryos. (A–H) bmp2b (A–D) and bmp4 (E–H) expression domains (blue) are expanded in mob and mos embryos and further en-
larged in mob;mos embryos at 8 hpf. Embryos are oriented according to the position of the prechordal plate marker hgg1 (red). (I–P) The expression domain of chordin is reduced
inmob andmos embryos and further diminished inmob;mos embryos. Lateral views I–L; Vegetal views M–P. Arrowheads point to the limits of the signal-positive chordin domain in
vegetal view, dorsal side to the right (M–P). (Q–X) The phospho-Smad1/5/8-positive (P-Smad) domain representing active Bmp signaling is increased inmob andmos embryos and
further expanded in mob;mos embryos. Embryos in Q–T are shown in lateral view dorsal side to the right, and in U–X in vegetal view, dorsal side to the right. Arrowheads (U–X)
point to the limits of the P-Smad domain.
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approximately 7–8 hpf (Lewis et al., 2004). Although the role of tfap2a
and foxd3 in neural crest progenitors iswell established (Barrallo-Gimeno
et al., 2004; Knight et al., 2003; Montero-Balaguer et al., 2006; Odenthal
and Nusslein-Volhard, 1998; Stewart et al., 2006), their function during
neural crest induction has not been investigated in zebraﬁsh.
To determine whether foxd3 and tfap2a are expressed during these
stages of neural crest induction, we examined their expression patterns
in early development by in situ hybridization.We found that tfap2a ﬁrst
appears in the non-neural ectoderm from the shield (6 hpf) to bud
stages (10 hpf) (Figs. 3A–C). In contrast, foxd3 is maternally deposited
(data not shown). At the shield stage, foxd3 is expressed in the organizer
and the adjacent bilateral margins (Figs. 3D,G). As development pro-
gresses, the foxd3 expression domain in the mesoderm extends along
the anteroposterior axis, while its expression in the lateral margin re-
mains until the end of gastrulation (Figs. 3D–I). At 10 hpf, foxd3 expres-
sion is almost absent in the axis, but is ﬁrst detected in neural crest
progenitors at the neural plate border (Montero-Balaguer et al., 2006).
This analysis and double staining experiments with foxd3 and tfap2a
riboprobes show that both tfap2a and foxd3 are expressed during the
early stages of neural crest induction and throughout gastrulation in
distinct, but complimentary, domains (Figs. 3J–L).
Bmp signaling is expanded in the dorsal side of mob;mos embryos
The non-overlapping expression domains of tfap2a and foxd3 during
gastrulation suggest that their cooperative induction of neural crest
does not involve physical interaction and subsequent regulation of aFig. 5. Expression of dkk1, a Wnt signaling inhibitor, is increased in mob;mos embryos, whe
stained with dkk1 riboprobes in wild-type (WT) (A), mob (B), mos (C), and mob;mos (D) at
increased inmob;mos embryos. Insets in A and D show transverse sections through the dkk1-
signaling targets axin2 and sp5lmRNA levels in wild-type embryos and tfap2a-and foxd3-MO
by Student's t-test, **, Pb0.01 and ***, Pb0.001. (F–I) Morpholino-mediated knockdown of d
Alcian blue-stained heads at 5 dpf showing the craniofacial skeleton of wild-type (F), dkk1m
tilage in mob;mos embryos injected with dkk1-MO is partially restored (red arrows). (J) P
arches with or without (Control) dkk1-MO injection. n indicates the number of embryos ex
***, pb0.001.common set of target genes. Instead, it appears likely that two transcrip-
tion factors regulate pathways in different parts of the embryo, i.e., the
ventral non-neural ectoderm by Tfap2a and the dorsal mesendoderm
and ectoderm by Foxd3 (Fig. 3L). Previous studies have shown that
the balance of Bmp and Wnt signaling is critical for the regulation of
neural crest induction (Jin et al., 2001; Kleber et al., 2005; Raible and
Ragland, 2005; Sakai et al., 2005). Similarly, tfap2a and members of
the Bmp family are expressed in the ventral non-neural ectoderm dur-
ing gastrulation, whereas foxd3 and members of the wnt family are
expressed in the margin and dorsal territory. Therefore, we hypothe-
sized that Tfap2a and Foxd3may alter the balance of Bmp andWnt sig-
naling, thus inﬂuencing neural crest cell induction.
To test this hypothesis, we examined bmp2b and bmp4 expression
in wild-type and mutant embryos. Compared to wild-type embryos at
8 hpf, the expression domains of bmp2b and bmp4 in the non-neural
ectoderm are expanded inmob andmosmutants, and further increase
in mob;mos embryos (Figs. 4A–H, Supplementary Fig. S5). Because
Bmp activity from the ventral non-neural ectoderm during gastrula-
tion is limited in the neural plate by a number of Bmp antagonists, in-
cluding Chordin, Noggin and Follistatin (Blader et al., 1997; Fainsod et
al., 1997; Warren et al., 2003), we examined chordin expression at
8 hpf (Figs. 4I–P). In wild-type embryos, chordin is expressed in the
organizer and the dorsal margin, similar to foxd3 expression. Howev-
er, in individualmob andmosmutants, the chordin expression domain
is reduced in the lateral margin and further diminishes in mob;mos
embryos.
To test whether changes in bmp2b, bmp4 and chordin expression
domains lead to abnormal Bmp signaling, we examined the levels ofreas expression of canonical Wnt targets is suppressed. (A–D) Dorsal view of embryos
75% epiboly (8 hpf). dkk1-positive cells are slightly more in mob or mos, but are highly
expressing region in the mesendoderm. (E) Quantitative PCR analysis of canonical Wnt
knockdownmorphants at 8 hpf. Error bars represent standard deviation. Data analyzed
kk1 partially restores pharyngeal arch formation in mob;mos embryos. Ventral view of
orphants (G),mob;mos (H), and dkk1-MO knockdownmob;mos (I) embryos. Head car-
ercentage of mob;mos embryos with no pharyngeal skeleton and rescued pharyngeal
amined, N the number of experiments performed. Data analyzed by Chi-squared test;
180 W.-D. Wang et al. / Developmental Biology 360 (2011) 173–185phosphorylated Smad1/5/8 proteins, which act downstream of acti-
vated Bmp receptors (Attisano and Lee-Hoeﬂich, 2001; von Bubnoff
and Cho, 2001). To this end, we stained wild-type and mutant embry-
os at 8 hpf with an antibody recognizing phospho-Smad1/5/8. The
immunostaining results show that the domain of active Bmp signal-
ing is expanded in mob and mos embryos and further increases in
mob;mos embryos as compared to wild types (Figure Q–X and Sup-
plementary Fig. S5).
Taken together, our results show that Tfap2a and Foxd3 together
regulate the extent of Bmp signaling during late gastrulation. Inter-
estingly, although Bmp signaling is known to inﬂuence the general
dorso-ventral patterning of the embryo, we observed no defects in
mesoderm induction in mob;mos embryos as evaluated by fgf8, pea3,
no tail and papc expression at the end of gastrulation in axial and
paraxial mesoderm (Supplementary Fig. S6 and data not shown)
(Tucker et al., 2008). Similarly, there are no defects in neural plate
border induction (evaluated by pax3a expression, data not shown).
Moreover, we observed reduced foxd3 expression at the margin, adja-
cent to where neural crest is induced, but not in the organizer or the
axial mesendoderm, which would argue against a mesoderm defect
in mos embryos and subsequently in mob;mos double mutant embry-
os (Supplementary Fig. S7). These results are consistent with the lack
of defects in mesodermal derivatives and Rohon–Beard neurons in
mob;mos embryos later in development (Fig. 1L and data not shown).
Expression of dkk1 is increased in mob;mos embryos
To test whether Wnt signaling is also affected by the loss of Tfap2a
and Foxd3, we examined the expression of severalwnt familymembers
at 8 hpf. Expression ofwnt1,wnt3a,wnt5a, andwnt8was indistinguish-
able amongwild-type and mutant embryos (data not shown). We then
tested the expression of Dkk1, a secreted negative regulator of Wnt sig-
naling that interacts with the co-receptor low-density lipoprotein
receptor-related protein (Lrp)-5/6 to hinder the interaction between
Wnts and their Frizzled receptors, thus blocking canonical Wnt signal-
ing (Mao et al., 2001; Zorn, 2001). Dkk1 has been shown to inhibit neu-
ral crest formation at the anterior neural fold (Carmona-Fontaine et al.,
2007). Our results show that at 8 hpf dkk1 is expressed in the axial
mesendoderm of wild-type embryos (Fig. 5A). In mob andmos embry-
os, dkk1 expression does not change signiﬁcantly, however its expres-
sion is dramatically expanded in mob;mos embryos (Figs. 5B–D).
The elevated levels of dkk1 suggest that canonical Wnt signaling in
axial mesendoderm is suppressed in mob;mos embryos. To conﬁrm
this possibility, we analyzed the expression of two direct targets of
canonical Wnt signaling, axin2 and sp5l (Jho et al., 2002; Weidinger
et al., 2005) by in situ hybridization and quantitative RT-PCR. In situ
hybridization results showed that axin2 and sp5l are expressed at
the lateral margin in wild-type embryos at 8 hpf (Supplementary
Fig. S8). The expression levels of axin2 and sp5l are not signiﬁcantly
altered in mob ormos embryos (data not shown), but are substantial-
ly reduced in tfap2a and foxd3 double knockdown morphants. Quan-
titative analysis in 8-hpf embryos corroborated this result (Fig. 5E).
To test whether attenuation of the high dkk1 expression levels in
mob;mos suppresses the neural crest phenotype in double mutants,
we injected embryos with three different doses (1, 2, and 4 ng) of
dkk1-translation blocking MOs. We found that 2 and 4 ng of dkk1-
MO cause smaller heads and bent bodies, consistent with the previ-
ously described dkk1mutant phenotypes, indicating that the MOs in-
terfered with Dkk1 function (data not shown). In contrast, 1 ng of
dkk1-MO did not affect the development of pharyngeal arch cartilage
or pigmentation in wild-type embryos, allowing us to test whether
downregulation of excess dkk1 in double mutants restores neural
crest derivatives. Therefore, we injected mob;mos embryos with
1 ng of dkk1-MO. We found that about 40% of dkk1-MO knockdown
mob;mosmorphants have partially rescued pharyngeal arch cartilages
and trabeculae compared to mob;mos embryos, as revealed by Alcianblue staining at 5 dpf (Figs. 5F–J). Similarly, signiﬁcant rescue was ob-
served in the melanophore lineage, ranging from partial to almost
complete restoration of pigmentation (Supplementary Fig. S9). This
ﬁnding indicates that the increase in dkk1 and the corresponding de-
crease in canonical Wnt signaling is partially responsible for the de-
fects in mob;mos mutants.
Concurrent overexpression of tfap2a and foxd3 induces ectopic neural
crest
Our results so far support the idea that loss of Foxd3 and Tfap2a
function disrupts the normal patterns of Bmp and Wnt signaling dur-
ing late gastrulation, suggesting that the two factors are necessary for
neural crest induction. To test whether the functional interaction be-
tween Tfap2a and Foxd3 is sufﬁcient to induce neural crest, we over-
expressed tfap2a, foxd3, and tfap2a together with foxd3 by mRNA
injection in wild-type embryos and examined the formation of neural
crest progenitors by sox10 expression at 12 hpf. Embryos injected
with tfap2a mRNA exhibit increased sox10 expression in the lateral
neural plate compared to wild-type embryos (Figs. 6A–B), indicating
that tfap2a alone is sufﬁcient to increase neural crest formation. foxd3
overexpression, however, decreased sox10 expression (Fig. 6C), sug-
gesting that excessive foxd3 has a negative effect on neural crest for-
mation. Strikingly, when tfap2a is overexpressed together with foxd3,
sox10 expression is dramatically increased, not only at the lateral
neural plate, but also in the most medial part of it, indicating that
the neural crest competent territory has signiﬁcantly expanded
(Fig. 6D). To address the overall patterning of the injected embryos
we tested the expression of mesodermal markers fgf8 and pea3 at
8 and 10 hpf, respectively, and found them largely unaltered
(Figs. 6E,F). The expression of axial markers shh and hgg1 was also
largely normal, as were the neural plate markers egr2b, six3b and
dlx3b (Figs. 6G,H). Embryos injected with both foxd3 and tfap2a
mRNAs were consistently smaller than uninjected controls.
Taken together, the gain-of-function data further support the idea
that, in addition to their previously deﬁned roles in maintaining neu-
ral crest, Tfap2a and Foxd3 cooperate in neural crest induction.
Discussion
Biological processes are complex events that are controlled by
gene regulatory networks composed of multiple transcription factors
that work together to induce the appropriate target genes at the
proper stage and territory (Li and Davidson, 2009). Here, we describe
the cooperative role of transcription factors Tfap2a and Foxd3 on neu-
ral crest development since simultaneous loss of both factors leads to
more severe defects than loss of either factor alone. While single
tfap2a or foxd3 mutations negatively affect neural crest survival or
maintenance at the onset of their migration, neural crest speciﬁcation
appears normal. As a result, neural crest-derived cell types are severe-
ly depleted, but still present in reduced numbers (Barrallo-Gimeno et
al., 2004; Knight et al., 2003; Montero-Balaguer et al., 2006; O'Brien et
al., 2004; Stewart et al., 2006). Conversely, combined loss of both
transcription factors leads to complete loss of neural crest, best exem-
pliﬁed by the absence of all skin pigmentation. This defect can be
found not only at migratory stages, but also before neural crest cells
leave the neural tube. In this respect, our results are consistent with
those recently obtained by Arduini et al. using different zebraﬁsh mu-
tations of tfap2a/low and foxd3/sym1 (Arduini et al., 2009). Tracing
back the origin of the double mutant phenotype, we have uncovered
novel information about the role of these two factors in maintaining
proper patterns of Wnt and Bmp signaling during the initial stages
of neural crest development.
Our results show that tfap2a and foxd3 are expressed in zebraﬁsh
embryos during gastrulation in distinct, complementary domains:
tfap2a in the ventral non-neural ectoderm and foxd3 in the dorsal
Fig. 6. Simultaneous overexpression of tfap2a and foxd3 induces ectopic neural crest. (A–D) Dorsal view (anterior to the left) showing expression of sox10 at 12 hpf in wild-type (WT)
embryos (A), embryos injectedwith 150 pg of tfap2amRNA (B), 15 pg of foxd3mRNA (C) or 150 pg of tfap2a and 15 pg of foxd3mRNAs (D). Arrowhead indicates ectopic sox10 expression
in tfap2a+foxd3mRNA injected embryos. (E–H)Gene expression inwild-type (WT) and tfap2a+foxd3mRNA injected embryos. Lateral view (anterior to the left) of fgf8 (E) expression at
8 hpf and pea3 (F) expression at 10 hpf. Dorsal view (anterior to the top) of egr2b (r3, r5) and six3b (fb) at 12 hpf (G). Animal view (dorsal to the bottom) of hgg1, dlx3b, and shh (H)
expression at 10 hpf. Abbreviations: fb, forebrain; ne, neural ectoderm; nne, non-neural ectoderm; pp, prechordal plate r3, rhombomere 3; r5, rhombomere 5.
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with bmp2b and bmp4 expressions, whereas the foxd3 expression do-
main coincides with that of chordin, a Bmp antagonist. It appears that
Tfap2a and Foxd3 directly or indirectly regulate these genes since ex-
pression of Bmp ligands is enlarged in doublemob;mosmutant embry-
os, while chordin expression is signiﬁcantly reduced. Together, these
changes result in expanded Bmp signaling territories toward the dorsal
side of the embryo, as marked by phosphorylated Smad1/5/8. At the
same time, canonical Wnt activity, as monitored by the expression
levels of target genes, is decreased in mob;mos embryos due to higher
expression of the Wnt-antagonist dkk1 in axial mesendoderm. Thus,
the combined inactivation of tfap2a and foxd3 genes perturbs two of
the key signaling pathways involved in neural crest induction. We pos-
tulate that this disruption is at least partially responsible for the loss of
neural crest induction at the neural plate border as suggested by the
lack of snail1b expression at 12 hpf.Previous studies proposed that Tfap2a and Foxd3 are part of the
group of “neural crest speciﬁer genes” acting in the neural crest regula-
tory network under “neural crest inducer genes” such as msx and pax,
which give the neural plate border its identity (Sauka-Spengler and
Bronner-Fraser, 2008). However, tfap2a and foxd3 are expressed during
gastrulation prior to neural crest induction, suggesting that the two
genes have distinct roles prior to neural crest speciﬁcation.Most impor-
tantly, the dramatic changes in Bmp and Wnt signaling pathways ob-
served in mob;mos mutants and the absence of premigratory neural
crest indicate that Tfap2a and Foxd3 cooperate in proper neural crest in-
duction during gastrulation at the non-overlapping territory between
non-neural ectoderm and prospective neural plate.
The cooperative function of Tfap2a and Foxd3 in neural crest devel-
opment is further supported from overexpression experiments, which
show that foxd3 enhances the ability of the tfap2a to ectopically induce
neural crest around the neural plate, overriding the normal neural plate
182 W.-D. Wang et al. / Developmental Biology 360 (2011) 173–185border limit of early neural crest. In contrast, foxd3 overexpression
alone reduces the expression of early neural crest markers. These re-
sults support earlier studies in Xenopus embryos, which showed that
tfap2a overexpression induces premigratory neural crest (Luo et al.,
2003), whereas foxd3 overexpression prevents its formation (Pohl and
Knochel, 2001), although this later effect remains controversial (Sasai
et al., 2001). More recent work in zebraﬁsh by Kwon and colleagues
on the induction of preplacodal ectoderm corroborate our ﬁndings
(Kwon et al., 2010).
Foxd3 has been recently reported to be essential for mesoderm de-
velopment in zebraﬁsh (Chang and Kessler 2010) and mesoderm is re-
quired for neural crest development in some species (Monsoro-Burq et
al., 2003; Ragland and Raible, 2004). Therefore, it is possible that the
neural crest induction defects observed in mob;mos are secondary to
deﬁcits in mesoderm patterning. However, we believe this is unlikely
for the following reasons: First, mesoderm formation in mob;mos em-
bryos is normal, as double mutant embryos have regular somites and
notochord at 3 dpf. Second, we observed normal no tail expression in
axial mesoderm and protocadherin8 (pcdh8, also known as papc) in
paraxial mesoderm at the end of gastrulation. Instead, it appears that
neural crest formation is more sensitive thanmesoderm to foxd3 levels,
as foxd3morpholino doses needed tomimic the neural crest phenotype
of mos or sym1mutations are lower by almost one order of magnitude
than those causing a mesodermal defect (Chang and Kessler, 2010).
Moreover, since the mos mutation suppresses foxd3 expression in the
neural crest at premigratory stages (Montero-Balaguer et al., 2006),
we analyzed if this also occurs during gastrulation. In addition, there
is reduced foxd3 expression at the lateral margin, adjacent to the area
where neural crest is induced, but not in the organizer or the axial
mesendoderm, which argues against a mesodermal defect in mos and
mob;mos double mutant embryos. However, it is conceivable that al-
though patterning of mesendoderm is not altered in mob;mos, signals
emanating from the dorsal mesoderm (including Wnt inhibitors) are
changed by downstream effects of tfap2a and foxd3 deﬁciency, thus
resulting in upregulation of dkk1 that contributes to failure of neural
crest induction.
A Bmp signaling gradient across the ectoderm has been proposed
to be crucial for neural crest development. This gradient is mediated
by the secretion of Bmps in the ventral part of the embryo and Bmp
antagonists in the dorsal part. High levels of Bmp signaling drive dif-
ferentiation to epidermis, while low levels allow the formation of the
neural plate, and intermediate levels are necessary for neural crest in-
duction. In this light, it is not surprising that the expansion of the Bmp
activity territory in mob;mos mutants causes neural crest defects.
However, although abnormal Bmp signaling may also affect the over-
all dorso-ventral patterning of the embryo, mob;mos embryos do not
show dorso-ventral phenotypes. One possible explanation is that de-
spite the Bmp signaling domain expansion toward the dorsal side,
there is still a source of chordin, which may prevent the complete
ventralization of the embryo. Consistent with this idea, overexpres-
sion of both bmp2b and bmp4 has little effect in the general dorso-
ventral pattering of zebraﬁsh embryos (Schmid et al., 2000).
The expansion of the Bmp signaling domain in mob;mos also does
not appear to cause an overall defect in the neural plate border. For
example, the dorso-ventral patterning of the neural tube is not affect-
ed, as pax3a is normally expressed in the dorsal neural tube of double
mutant embryos (data not shown). Moreover, mob;mos embryos
show no defects in Rohon–Beard neurons as revealed by anti-HuC
immunostaining. Thus, it is likely that neural plate border and neural
crest formations are independent events as previously proposed
(Basch et al., 2006). Alternatively, neural crest induction may be
more sensitive than neuronal development to subtle changes in
Bmp and Wnt signaling caused by mutations in tfap2a and foxd3.
It is also possible that themob;mos phenotype is restricted to neural
crest because of concurrent changes in Wnt signaling caused by strong
dkk1 upregulation. Identiﬁed as an inducer of head structures, Dkk1 is asecreted Wnt antagonist. In zebraﬁsh, dkk1 is expressed in the embry-
onic shield and later in the anterior axialmesendoderm and prospective
prechordal mesoderm during gastrulation (Hashimoto et al., 2000).
dkk1 overexpression affects forebrain and axial mesendoderm develop-
ment, whereas blocking dkk1 expression accelerates cell movements
during gastrulation (Caneparo et al., 2007; Hashimoto et al., 2000). Fur-
thermore, Dkk1 is secreted from prechordal mesoderm to block canon-
ical Wnt signaling and inhibit neural crest formation in the anterior
neural plate (Carmona-Fontaine et al., 2007). Increased dkk1 expression
in the axial mesendoderm of mob;mos embryos, in combination with
abnormal Bmp signaling, may be responsible for the lack of neural
crest. In support of this notion, morpholino-mediated dkk1 knockdown
partially rescues themob;mos neural crest phenotype.
In 1998, LaBonne and Bronner-Fraser ﬁrst proposed the “two-signal
model”, which suggests that Bmp andWnt signaling coordinate to reg-
ulate neural crest induction (LaBonne and Bronner-Fraser, 1998). In
Xenopus embryos and explants, Bmp inhibition by chordin overexpres-
sion is not sufﬁcient to induce the neural crest markers snail1 and
snail2; however, combined chordin andwnt overexpression signiﬁcant-
ly promotes neural crest formation. Similar results have also been
reported from studies using chick embryos (Patthey et al., 2008). Fur-
thermore, coordination of Bmp and Wnt signaling also plays a role in
the maintenance of neural crest (Kleber et al., 2005). More recently,
Bmp inhibition and Wnt activation has been shown to be required for
neural crest induction (Steventon et al., 2009). Our results corroborate
the two-signal model, since neural crest induction is severely disturbed
only in tfap2a and foxd3 double mutant embryos, which have an imbal-
ance of both Bmp and Wnt signaling. One possible link between the
Bmp andWnt pathways is that Bmp4 can induce dkk1 expression to in-
hibit Wnt signaling and, in turn, induce cell apoptosis to sculpt the
shape of limbs during mouse embryo development (Grotewold and
Ruther, 2002). Therefore, it is possible that Tfap2a and Foxd3 regulate
dkk1 expression indirectly via their cooperative modulation of Bmp
signaling.
Our results are also signiﬁcant from an evolutionary point of view,
since the neural crest is an exclusive feature of vertebrates. Many of the
genes expressed in the neural crest are already present in basal chordates,
which are devoid of neural crest, but they are not expressed within the
appropriate territories (Barrallo-Gimeno and Nieto, 2006). Consistent
with this scenario, in the basal chordate amphioxus (Branchiostoma
ﬂoridae) amphiAP2 is expressed in the dorsal non-neural ectoderm
(Meulemans andBronner-Fraser, 2002) and amphiFoxD, the only ortholo-
gue for the FoxD group in amphioxus, in the mesoderm underlying the
neural tube (Yu et al., 2002). These expression patterns are similar to
those of tfap2a and foxd3 during zebraﬁsh gastrulation. It has been pro-
posed that in the course of evolution, some of those genes may have
been co-opted into the neural plate border in order to allow the formation
of the neural crest (Yu et al., 2002). Our results, which indicate a funda-
mental role for Tfap2a and Foxd3 in the induction of neural crestmarkers
from adjacent territories, argue against the co-option hypothesis. Because
the early amphiAP2 and amphiFoxD expression patterns are similar to
those of tfap2a and foxd3 in zebraﬁsh, this suggests that the gene regula-
tory network to induce the expression of neural crest genes in the neural
plate border exists in amphioxus. Consistent with this idea, amphiSnail,
the amphioxus orthologue of one of the genes considered essential for
neural crestmigration, is expressed in the neural plate border (Langeland
et al., 1998). Therefore, the absence of neural crest cells in amphioxus
may be due to the lack of necessary effectors to promote further differen-
tiation or migration.
In summary, our results indicate that the transcription factors
Tfap2a and Foxd3 are required for the proper establishment of Bmp
and Wnt signaling gradients during gastrulation when neural crest
induction occurs. Although loss of either factor alters Bmp and Wnt
signaling patterns, only their combined inactivation appears to
abort neural crest induction and deplete neural crest derivatives.
The early functions of Tfap2a and Foxd3 appear distinct from their
183W.-D. Wang et al. / Developmental Biology 360 (2011) 173–185role in neural crest differentiation, when both factors are expressed in
neural crest cells. Instead, it seems likely that at early developmental
stages, the two factors control the expression boundaries of key mor-
phogens in complementary territories to establish the proper Bmp
and Wnt signaling balance needed for neural crest induction.
Experimental procedures
Fish maintenance and breeding
Zebraﬁsh were raised and kept under standard laboratory condi-
tions (Westerﬁeld, 1993). Embryos were staged and ﬁxed as described
(Kimmel et al., 1995). 0.2 mM1-phenyl-2-thiourea (Sigma)was used in
some experiments to inhibit pigmentation.
Themobm610 (mob) allele is a mutation in the acceptor splice site of
the sixth intron of the tfap2a gene, which results in a 14-bp deletion and
a premature stop codon in the DNA binding domain (Barrallo-Gimeno
et al., 2004). The mosm188 (mos) allele is a mutation in the non-coding
region of the foxd3 gene locus (Montero-Balaguer et al., 2006). The
mob;mos double mutant line was generated by crossing mos and mob
heterozygote ﬁsh. The mos, mob, and mob;mos mutant embryos used
for the experiments in this studywere obtained by individually crossing
heterozygous carriers. The ratio of embryos with altered gene expres-
sion in each clutch followed the expectedMendelian pattern. All results
were recapitulated usingmorpholinos for tfap2a and foxd3, individually
or together.
Morpholino and mRNA injections
Embryos were obtained by natural mating and injected at the one-
to two-cell stage. The sequence and amount of antisense morpholino
oligonucleotides (Gene Tools) used in this study were as follows:
tfap2a-MO (5 ng): 5′-GCGCCATTGCTTTGCAAGAATTG-3′ (Knight et
al., 2003); two foxd3 morpholinos were combined to generate mos-like
embryos foxd3-MO5′UTR (1.5 ng): 5′-CACCGCGCACTTTGCTG CTGGAGCA-
3′, and foxd3-MOAUG (1.5 ng): 5′-CACTGGTGCCTCCAG ACAGGGTCAT-3′
(Montero-Balaguer et al., 2006); p53-MO (5 ng): 5′-GCGCCATTGCTTTG-
CAAGAATTG-3′ (Plaster et al., 2006); and dkk1-MO (1 ng): 5′-AATTG-
TAGGATGTATTCCCTGGGTG-3′ (Caneparo et al., 2007).
Full-length tfap2a and foxd3 cDNAs were generated by PCR ampli-
ﬁcation from cDNA of wild-type embryos (primers used are available
upon request) and cloned into the pCS2+ vector. After plasmid linear-
ization, synthetic capped mRNA was generated using the mMessage
mMachine kit (Ambion) and mRNA was injected into one-cell stage
embryos. The following amounts were used: 150 pg of tfap2a mRNA
and/or 15 pg of foxd3 mRNA.
In situ hybridization and immunochemistry, Alcian blue staining and cell
death assays
In situ hybridization was performed as described (Müller et al.,
2006). Antisense probes labeled with digoxigenin-UTP (Roche)
were synthesized using cDNA templates encoding axin2 (Shimizu et
al., 2000), bmp2b and bmp4 (Martinez-Barbera et al., 1997), chordin
(Miller-Bertoglio et al., 1997), crestin (Rubinstein et al., 2000), dkk1
(Shinya et al., 2000), dlx2a (Akimenko et al., 1994), foxd3 (Kelsh et
al., 2000), hgg1 (Vogel and Gerster, 1997), snail1b (Thisse et al.,
1995), sox9b (Li et al., 2002), sox10 (Dutton et al., 2001), sp5l and
tfap2a (Barrallo-Gimeno et al., 2004). Double in situ hybridization
was performed using digoxigenin- and ﬂuorescein-labeled ribop-
robes, and developed sequentially with NBT/BCIP and FastRed.
Immunostainingwasmodiﬁed from a previously described protocol
(Barrallo-Gimeno et al., 2004). In brief, ﬁxed embryos were bleached
with H2O2 as for cartilage staining. After washing, embryos were
digested with 50 μg/ml proteinase K and post-ﬁxed in 4% PFA for an ad-
ditional 20 min. Embryos were then washed with PTD (1% DMSO, 0.3%Triton X100 in PBS) and placed in PTDNB (3% normal goat serum,
2 mg/ml BSA in PTD) for 2 h. Embryos were then incubated with anti-
Hu (1:20) (Invitrogen) or anti-phospho-Smad1/5/8 (1:200) (Cell Sig-
naling Technology) antibodies overnight at 4 °C. After washing, embry-
os were exposed to HRP-conjugated secondary antibody (1:5000) for
another hour at room temperature and washed again. Signals were de-
veloped using DAB as a substrate (Vector Laboratories).
TUNEL assay, acridine orange labeling and Alcian blue staining were
performed essentially as described (Barrallo-Gimeno et al., 2004).
Specimens were analyzed and photographed using a Zeiss Axio-
scope microscope, and composite images were prepared with Adobe
Photoshop.
Quantitative Real-Time PCR Analysis
Total RNA was extracted using Trizol reagent (Invitrogen). We uti-
lized 3 μg of total RNA for cDNA synthesis. Quantitative PCR reactions
were performed with iQ™ SYBR Green Supermix (BioRad). Quantita-
tive RT-PCR analysis was performed using the Bio-Rad Iq5 System and
gene expression levels for each individual sample were normalized to
actin. Results were analyzed by a previously described formula (Livak
and Schmittgen, 2001). The following primers were used: actin: 5′-
GACTCAGGATGCGGAAACTG -3′, 5′-GAAGTCCTGCAAGATCTTCAC-3′;
axin2: 5′-ATTACCCAGCACTCGAAACTAA -3′, 5′-GCGAATTGTAGTC-
CAAATAAGC -3′; and sp5l: 5′-GATGCCTTATGTTGAAATCCTG-3′, 5′-
GCACAGTCGATCGTGTTTATTA-3′.
Supplementary materials related to this article can be found on-
line at doi:10.1016/j.ydbio.2011.09.019.
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